The reactions of the complexes [Mo(CO) 2 (8); on replacing the π-acceptor carbonyl ligand by the π-donor oxo group, the alkyne ligand changes orientation: it lies parallel to the MoÐ CO bond in 3 but perpendicular to the Mo=O group in 8. Analogous complexes (9, 10) were isolated in the case of methyl propiolate; each exists as a mixture of two isomers depending on the orientation of the unsymmetrical alkyne ligand.
Introduction
Originally isolated as low yield products from the reactions of metal carbonyls with alkynes, which can act as hydrogenating and dehydrogenating agents respectively (Scheme 1). It is therefore an example of a bifunctional system, in that one hydrogen is delivered from the metal and the other from the hydroxy group of the ligand. 4 More recently, attempts have been made to replace ruthenium with cheaper, more earth-abundant metals such as iron in catalysts developed by Casey,
Beller, Wills and others. (L 2 = dppm, dppe). 6 In these reactions one (and only one) of the tetracyclone ligands of 1 could be displaced by a phosphine. Although molybdenum is not traditionally associated with high catalytic activity in hydrogenation reactions, it is interesting to note that Waymouth and co-workers have recently reported that 2 also displays Shvo-type reactivity in transfer hydrogenation reactions.
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Chart 1 Recently we showed that the reaction of 1 with phenylacetylene resulted in an unusual cyclotrimerisation process to give an η 6 -fulvene ligand. 8 In this paper we report the reactions of 1 and 2 with the activated alkynes DMAD (RC≡CR; R = CO 2 Me throughout this paper) and methyl propiolate (RC≡CH). Part of this work was included in a preliminary publication. 9 page 5 9 ] and methyl phenylpropiolate: not only was cyclopentadienone complex 6 isolated, but so was 7, its addition product with further alkyne. 13 The nucleophilic nature of the carbonyl oxygen in cyclopentadienone complexes can be attributed to the canonical form shown in Chart 3, in which it bears a negative charge.
Results and Discussion

Reactions with DMAD
page 7
Chart 2
Chart 3
After many years we succeeded in growing crystals of 3 suitable for X-ray diffraction; the structure is shown in Figure 1 with important bond lengths given in its caption. There are two independent molecules in the unit cell, one of which exhibits disorder of the carbonyl oxygen of one of the CO 2 Me groups; the molecule depicted here (B) is the non-disordered one. The structure determination confirms the linking of the tetracyclone carbonyl oxygen to one of the alkyne molecules, creating a cyclopentadienyl ligand tethered through the vinyl group. The five-membered ring is bonded to the metal in a slightly tilted η 5 manner: the Mo-C bond lengths lie between 2.302(4) and 2.392(4) • with those to C(4) and C(5) being shortest. In complex 5, the ligand was page 8
significantly tilted the opposite way, with the oxygen-bearing carbon being closest to the Ru. The bond lengths in the vinylic portion of the ligand are the same, within experimental error, as those in complex 5. 12, 14 The second alkyne is bound to the molybdenum as an η 2 -ligand; the compound therefore belongs to the well established CpM(RC≡CR)LX class. 15, 16 Both the C≡C bond length of 1.312 (6) • and the MoÐC bond lengths [2.031(4) and 2.059 (4) •] are commensurate with this ligand acting as a 4-electron donor, as required by electron counting considerations. 11 It is also noteworthy that the alkyne lies parallel to the CO ligand, a point discussed further below. Although complex 3 is relatively air stable in the solid state, exposure of a dichloromethane solution to air overnight resulted in a color change from green to yellow accompanied by the disappearance of the carbonyl peak in the IR spectrum. The same transformation can be brought about instantaneously by dissolving the compound in THF that has been deliberately exposed to air and sunlight (the active agent presumably being a peroxide). The X-ray crystal structure of 8 is shown in Figure 2 , with important bond lengths detailed in the caption. The Mo=O distance of the terminal oxo ligand is 1.693 (5) • which is typical for Mo(IV) oxo complexes of this type. 21 Whereas the bonds between Mo and the four former diene carbons C(8) to C(11) are equal within experimental error, that to the oxygen-bearing carbon C (7) is now significantly shorter than in complex 3. The remaining distances within the vinylic portion of the complex are however unchanged.
page 10 The main structural change concerns the alkyne ligand. The Mo-C distances have increased significantly, in accordance with the idea that the alkyne is less strongly bound in the oxo complex.
Although the C≡C bond length might have been expected to decrease, this does not appear to be the case within experimental error [1.312(6) • in 3 compared to 1.293 (11) Scheme 3. Synthesis of the methyl propiolate complexes 9 and 10. The major isomer 9a is depicted; in the minor isomer 9b the η 2 -methyl propiolate ligand is rotated by 180¡.
There are four possible isomers of complex 9, depending on the orientation of the alkyne ligand and the regiochemistry of the alkyne-cyclopentadienone linkage, but only two of these are observed, in a ratio of 1.3:1. The 1 H NMR spectrum of the mixture of isomers shows peaks for the CH of the π-bound alkyne ligand at δ 10.86 for the major isomer 9a and at δ 11.49 for the minor isomer 9b. 23 The corresponding peaks for the vinylic CH groups appear at δ 7.58 and 7.64
respectively. In the reaction of Shvo's complex with PhC≡CH to give [Ru(CO) 2 (η 5 , σ-C 4 Ph 4 COCPh=CH)] (the analogue of 5), the 1 H NMR signal for the vinylic proton was observed at 5.81 ppm, on which basis the coupling of the cyclopentadienone oxygen was proposed to occur exclusively to the CPh terminus of the alkyne; only one isomer was present. 12 This shift is far removed from those in 9, implying the opposite regiochemistry in our case, a deduction confirmed crystallographically. 25 Given that the linkage with the tetracyclone ligand is likely to be regiospecific, attacking the CH terminus of the alkyne, we attribute the presence of two isomers to the two possible orientations of the unsymmetrical alkyne ligand. This is clearly confirmed by the 1 H-coupled 13 C NMR spectrum: as shown in Fig. 3 , the signal due to the CO ligand of the minor isomer exhibits a coupling of 10 Hz to the proton of the alkyne ligand. By analogy with the structure of 3, we assume that this isomer has the CH terminus located closer to the CO ligand.
Interconversion of the two isomers (e.g. by alkyne rotation) was not observed even at elevated A combination of attached proton test, 1 H-coupled spectra and 2D-NMR techniques allowed the complete assignment of the 13 C NMR spectra of both isomers of 9 (see the Supplementary
Information for full details). The alkyne carbons appear at approximately 190 ppm, with the vinylic carbons at about 170 ppm (CH) and 151 ppm (CCO 2 Me) respectively (see Table 1 below), consistent again with the alkyne acting as a 4-electron donor.
Exposure of the isomeric mixture of 9 to air results in complete conversion to the corresponding oxo complex 10, which again exists as two isomers, again in a ratio of 1.3:1. 26 The 1 H NMR spectrum of 10 contains peaks at δ 9.00 and 8.22 due to the CH protons of 10a and at δ Confirmation that the cyclopentadienone oxygen is linked to the CH terminus of the alkyne was obtained from an X-ray crystal structure determination of one isomer of 10 (see Supplementary Information). 25 The gross features of the structure are similar to those of complex 8, with the π-bound methyl propiolate ligand orientated perpendicular to the metal-oxo bond.
Conclusions
In this paper we have shown that the reaction of [Mo(CO) 2 page 15
Experimental
General experimental techniques were as detailed in other papers from this laboratory. 6, 8, 27 Infra-red spectra were recorded in CH . The yellow solution was heated to reflux for 17 hours, changing first to purple then to green-brown. Monitoring by TLC showed that the purple color was due to released tetracyclone. The reaction mixture was allowed to cool to room temperature, a small amount of silica was added and the toluene was removed on the vacuum line.
The resulting solid was loaded onto a chromatography column. Elution with a mixture of light petroleum and dichloromethane (1:1) produced a faint yellow band that was not collected, followed by the recovered tetracyclone. Elution with dichloromethane afforded a yellow band of organic material (IR 1741 cm Ð1 ), identified as a mixture of dimethyl tetraphenylphthalate (by comparison page 16
with an authentic sample prepared from DMAD and tetracyclone in refluxing toluene) 29 Ph), 120.3, 116.0, 114.8, 109.9 (all CPh), 53.0, 52. 8, 52.5, 52.2 (all Me 
Synthesis of [Mo(O)(HC≡CR)(η 5 , σ-C 4 Ph 4 COCH=CR)] 10
An isomeric mixture of 9a and 9b from the above experiments (103.9 mg, 0.154 mmol) was dissolved in toluene (175 cm 3 ). The solution was briefly exposed to air by removing a stopper of the flask, and then reconnected to the argon supply and stirred for 18 h with TLC monitoring. 
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